PHYSICAL REVIEW C VOLUME 58, NUMBER 6 DECEMBER 1998

Measurement of collectivity of collective flow in relativistic heavy-ion collisions
using particle group correlations
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Based on a particle groups correlation function, a new type of inferring collectivity of collective flow is
proposed in this paper. Using this method, the particle group correlations arising from collective flow are
analyzed for collisions of 12 GeV Ar+Bal, and 2.1A GeV Net+NaF in the Bevalac streamer chamber. The
results have been compared with Monte Carlo simulation, which show that the collectivities are between 80
and 95 % for the experimental events in collisions of-f&al,, and between 75 and 95 % for the experimental
events in collisions of NéNaF. [S0556-281®8)01611-7

PACS numbses): 25.75.Ld, 24.10.Lx, 24.60.Ky

[. INTRODUCTION correlations quantitatively? Secondly, how do these correla-
tions provide the possibility of conducting any analysis of

The collective sideward flow produced in the relativistic strength and collectivity of collective flow? Therefore, to an-
heavy-ion collisions(“collective flow”) provided valuable swer these questions a more intuitive approach follows in
information for the exploration of the dynamical mechanismwhich phenomenological simulations are used to aid analysis
of nucleus-nucleus collisiofd]. In 1992, Jianget al. pro-  Of the experimental results. _
posed the concept of collectivity and inferred it for ~ The goal of this paper is to study the properties of corre-
0.4A GeV Ar+Pb collisions. Since then, the study of collec- 1&tion among particle groups and to seek new analyses,
tive flow had some comparatively important developments!ich can improve the measurement accuracy of collectiv-
A number of experiments and models have indicated that thﬁy' In Sec. 1, the mformatlo_n of expt_anmental (_jata is briefly
strength of collective flow reflects the quantitative property!mmdpced and the correlaﬂqn function prarﬂqle groups
of collective flow and the collectivity of collective flow more IS def_lned. In Sec. llIN particle group correlations in th_e_
deeply reflects the essential property of collective fid _experlmental events are analyze_d. In Sec. IV, the _collect|V|ty

- is inferred by comparing experimental results with Monte
7. Stfe.”gth and CO"e.Ct'V'ty are two complementary aSPeClEario simulations. Finally, the conclusion is given.
describing the collective flow and are closely related to an-
isotropic transverse motidi8,9]. Thus, the study on collec-
tivity of collective flow is an important subject in the field of
relativistic heavy-ion collisions.

Unlike other previous investigations of collectivitg,10] The experimental data samples for this investigation come
using particle correlations, an analysis of collectivity is firstfrom the two Bevalac streamer chambetr&xperiments, in
discussed using particle group correlations in this paper. Thighich the systems 1/2GeV Ar+Bal, and 2.1A GeV
new attempt is an uninvestigated research direction. The nel¥e+NaF were studied. A description in more detail can be
method analyzes collectivity by means of a correlation funcfound in[14,15. These are 786 events with multiplicity
tion of N (N>2) particle groups, which is based on methods=30 for Ar+Bal, and 2707 events with multiplicityM
introduced by Jiangt al.[9], Danielewicz and Odynied1], =~ =13 for NetNaF. Assuming a simple geometrical picture,
but has significant developments added to them. On the orf8€ impact parameters are between 0 and 6.0 fm ferBal,
hand, this new method can fully utilize transverse momenand 0 and 5.0 fm for NéNaF. To avoid the effect of ex-
tum information of particles in the final state by using both perimental factors such as particle misidentification, and ab-
the azimuthal angléntroduced by Jiangt al) and the mag-  Sorption and energy loss in the targ&g], the polar angles
nitude of transverse momentum. On the other hand, the exen the experimental data have been af,=8° [14] for
perimental data analysis indicates that the correlation of twd\r +Bal, and 6,,,=4° [15] for Ne+NaF. The corresponding
particle groups is not sensitive to the collectivity of collec- ranges of multiplicityM ' after cuts are between 16 and 53
tive flow, but the correlation oN (N>2) particle groups for Ar+Bal, and 4 and 23 for Ne¢NaF, and the average
becomes more and more sensitive to the collectivity of colvalues(M’) of multiplicity are 24 for Ar+Bal, and 16 for
lective flow asN increases in value. Thus, more difficulties Ne+NaF.
arise when the inference of collectivity of collective flow is ~ Assuming the multiplicity of the collision event i, and
taken into account using the analysis introduced bythen this event is randomly and equally divided ifNgar-
Danielewicz and G. Odyniegl1] as well as by Beckmann ticle groups as far as possible, each particle group is a subset
et al. and other§12,13. Q; in this collision event, where=1,2,...N. The vectorQ;

Much is known about particle correlationd—11], but  of each subsef); is formed by using the transverse momen-
little is known about particle group correlations. Two ques-tum p} for the jth particle of theith particle group in the
tions must be raised. First, how can one study particle groupvent.

II. EXPERIMENT AND THE CORRELATION FUNCTION
OF N PARTICLE GROUPS
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FIG. 1. The correlation function of particle groudS(y)
while N=2-10 for Art+Bal,. The experimental data are indicated
with error bars(points, the Monte Carlo data of simulated collec-
tive flow with a dotted line &¢=80%) and a dashed linea(

—95%).

M/N

Q=2 wpl, (i=12..N),

j=1

where w;=0 for pions. For the baryonsgy;=1 for rapidity
Yiab>Yemt 0, wj=—1 for rapidity y;;p<Ycm— 6, and o,

Wy (degrees)
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whereA ¢;; is the smaller azimuthal separation between vec-
torsQ; andQ; formed by arbitrary two-particle groups in the
same collision event, and Ag¢;;=arcco$(Q;-Q;)/
(1Qil-1QjN)1, 0<yy=m. The product runs over aK azi-
muthal separationd ¢;; formed from theN particle groups.

The number ofN particle group subevents constructed
from each event of multiplicityM is g=M!/(M—n)!n!.
Because the experimental sample contains a wide range of
multiplicity, events with higheM completely swamp those
with lower M at largeN when all the subevents have equal
weight. To compensate for this, using the method given by
Jianget al.[9,10], all the contributions for the subevents of
N particle groups are weighted biyl/g, thus ensuring that
each event makes a contribution to the final result that is
proportional to the multiplicityM of the event.

Adapting the approach of the azimuthal correlation func-
tion, we define the correlation function of particle groups
as

PS(¥n)

CSUN) = pamign”

()

whereP () andPSM( i) are the distribution probabili-
ties of N particle groups withy for the experimental and
Monte Carlo events, respectively. Monte Carlo events are
generated10,11,14,1% by randomly mixing particles from
different experimental events within the same multiplicity
range such that there should not be particle group correla-
tions arising from the collective flow in such events. Thus,
we can extract information abolt particle group correla-
tions through studying (). The correlation function of

N particle groups is the ratio of the weighted number of
correlated two-particle groups to uncorrelated two-particle
groups within the same bin of azimuthal differengg.

Known from the definition of the variable, ¥\ con-
tains more information, and it is related to the azimuthal
angles and the magnitudes of the transverse momentin of
particles, and also considers the forward and backward emit-
ted fragments in the center-of-mass system of the fireball.
So, the correlation functio@ () introduced by Jiangt al.

[9] is generalized to the correlation functi@S( ). The
values ofC () reflect the correlative extent amohbpar-
ticle groups. Thus, through having studied the distribution of
the correlation functiol€ S(¢) in the range &< yy<m as a

=0 otherwise. Herg , is the center-of-mass rapidity of the \yhole the particle group correlations can be quantitatively

system. The number dfl/N is made to be an integer that is
as large as possible. The quantidyis inserted to remove

analyzed.

particles adjacent to the center-of-mass rapidity so as to

avoid any effect on the result of collective flow analysis. The
value of §is 0.2 in this paper, which approximately excludes
20% of detected nuclear fragments for+ABal, and 23% for
Ne+NaF. The magnitude and direction of the veo@rre-

lll. ANALYSIS OF THE PARTICLE GROUP
CORRELATIONS FOR THE EXPERIMENTAL EVENTS

Figures 1 and 2 show the variation GfS( ) with oy
for the two experimental data sets, respectively, wihle

flect the extent to which the transverse momentum distribu—3_10. points with error bars represent the experimental
tion of corresponding particle groups preferentially concenata. Through having studied the distribution of the correla-

trate at a certain direction.
Now thatN Q; vectors correspond td azimuthalg (Q;),
then we define the correlative angle variallg for N par-

ticle groups as

K
InN= ( I1 A ¢

K=N(N—1)/2,

tion functionC(¢y) in the range 6 =, not only the
particle group correlations but also the strength and collec-
tivity of collective flow can be quantitatively analyzed. Ap-
parently, the fact that the value of the correlation function
CY(#y) is bigger in the minoryy range, whereas the value
is smaller in the majoryy range, indicates the particle group
correlations exist among the particles in the final state. Spe-
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L detail, [12,13). The analysis mentioned aboJd1-13
I {a N=2 could _be used to analyze the strength of coIIectiye flow in the
el 7'\'\{.%_;\{ experimental events, but could not be used to infer the col-
— R lectivity of collective flow yet. The reason is that the vari-
Boas ables selected include the summation of the transverse mo-
g mentum of all particles, and only the correlation between
o " - T . two-particle groups in the event is considered, so, results in
the information of events could not be fully utilized. Besides,
N3 + - experimental data ana_lyses ino_licate that the analysis intro-
LS . f\ N= duced by Liuet al. (their analysis considered only the for-
. ward emitted fragmen{s0]) as well as by Jiangt al. (their
1o f ——— b vy —————‘sﬁt——H— analysis did not consider the magnitude of particle transverse
PR R} Fa, 4 momentum[9]) is not more sensitive to the collectivity of
— o ' collective flow than the new method.
& N=5 * ¥ N=6 Next, we will infer the collectivity in the collective flow
f for experimental events by comparison with Monte Carlo
4 L Ty simulation.

0.0

IV. INFERENCE OF THE COLLECTIVITY OF
N=7 *\ N=8 COLLECTIVE FLOW FOR EXPERIMENTAL EVENTS

6.0 \
sol +\ .\*‘\ In order to reveal the number of particles participating in

- = o the collective directed motion, the collectivity parameter
0.0 T can be defined as

piRt 4 ol

M

Correlation function CS( W)

X 100%, (4)

T whereM is the multiplicity in the event ani1, is the num-
o m w @ m w0 o = w0 % s w ber of particles participating in the collective directed mo-
tion. In this paper, the collectivity of the experimental
sample is phenomenologically inferred through comparison
FIG. 2. The correlation function of particle grousS(y) of the correlation functiorC(¢) of N particle groups for
while N=2-10 for NerNaF. The experimental data are indicated 1€ Monte Carlo simulation with that for experimental data.
with error bars(points, the Monte Carlo data of simulated collec- 1he collective ordeN is between 2 and 10. The following
tive flow with a dotted line ¢=75%) and a dashed linea( €XPlaINS exactly what to do. The first step is to generate a
=95%). cascade sample of noncollective flow.

(1) A cascade sample is generated with the impact param-
cifically, the distribution of the correlation functid@S( ¢ eterb=0 fm and then selected by use of the cascade model
in the range 6= < m/2 reflects more clearly the correlation [5]. In these events, there are no explicit effects of collective
of the particle groups than that in the whole range. With theflow because this model does not explicitly incorporate the
increase of theN value, the differential value between effects of nuclear equation of state.

CY(¢yn) and 1 increase rapidly. Therefore, the correlation (2) The polar angles cut mentioned in the above experi-
strength among particle groups can be measured quantitmental events are applied to this cascade sample. It has been
tively by means of the formulbC () — 1|. The distribu-  verified that the distribution of multiplicity1*, of inclusive
tion of CY(yy) includes all cumulative effects of correla- transverse momentum and of the rapidity after the cut con-
tions formed from theN particle groups. Affected by the forms to the experimental data.
statistics of experimental events, th&( ) values err by (3) Corresponding to experimental events, the impact pa-
80%, while N=7-8 in the range &yy=mu/12 and N  rameterb of each cascade sample can be randomly redefined
=9-10 in the range € < =/6 for the two experimental in the range 0-6 fm for ArBal, and of 0-5 fm for
data setsN=10 is the maximum value permissible in the Ne+NaF, respectively. A cascade sample with statistics five
two experimental data analyses. Therefore, in Figs. 1 and 2imes that of the experimental sample is generated.
we removed the experimental data points of these corre- The second step is to confirm the flow parameter
sponding ranges fad=7-8 in the range & yy<w/12 and fo. For every event of multiplicityM*, a component of
N=9-10 in the range € < /6. collective directed motioriopifIOW is added to the projection

WhenN= 2, the analysis above is similar to the transverseof the transverse momentum on the reaction p[&@n&0Q] for
momentum analysis introduced by Danielewicz and Odynie@ach fragment, wherk, is a free parameter that controls the
[11]. Similarly, Beckmanret al.[12,13 divided the particles strength of the flowj is the order sign of the fragment and
of each event into two-particle groups—one with forwardi e [16,53 for Ar+Bal, andi € [4,23] for Ne+NaF, respec-
emitted fragments and the other with backward emittedively. p/®" is expressed g46]
fragments—in the center-of-mass system, and studied the q

. . A oW _

correlation among particle groups using vedigg (see, for pi*"=A;Bjuj|cog ¢)|, )

¥« (degrees)
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whereA; is the mass number of thi¢h fragment.B; is de- In Fig. 1, the dashed line and the dotted line represent the
fined as Monte Carlo data fore=80% anda=95%, respectively.
Similarly, in Fig. 2, the dashed line and the dotted line rep-
B —si2d - 6 resent the Monte Carlo data far="75% anda=95%, re-
i— S m Brax! (6) spectively. The errors of the dashed line and dotted line are
approximately half of that of the experimental points. Analy-
whereb is the impact parameteb,,,,=R-+R;, Rp andR;  sis shows thaiwx value ranges for experimental events are
are the radii of the projectile and the target, respectively, between 80 and 95 % for ArBal, and between 75 and 95 %
is the ratio of theith fragment rapidity and the projectile for Ne+NaF, respectively.
rapidity in the center-of-massp; is the angle of the trans-  Further, using the methods introduced in Rg%.10], the
verse momentum vector relative to the reaction plane. Equdd-particle azimuthal correlation functioB(¢y) [9] and the
tion (5) phenomenologically describes the dependence of-particle transverse correlation functiéi(Vy) [10] of the
transverse collective flow on fragment mass, rapidity, andonte Carlo simulation are compared with those of the ex-
azimuthal angle relative to the reaction plane, and the impadi€rimental data, which shows the collectiviyis not less
parameter. This prescription is certainly not uniquely con-than 80% for Ar-Bal, qnd hot less than 75% for NeNaF
strained by them, but it maintains momentum and energyVithin the range of estimated error, respectively.
conservation for each event, and it is approximately consis-
tent with the available experimental dd&10,15,16.

Adjusting the parametefy to reproduce the experimental ~ The correlation exists not only among particles but also
events for the distribution of the function correlation of two- among particle groups in the relativistic heavy-ion collisions.
particle groupsCS(¢,) or the average value of transverse A new measurement of particle group correlations is pro-
momentum in the reaction plane as a function of the rapidityposed in this paper. This method is very sensitive to the
(P¥)(y) [11], f, is found to be equal to 350 MeV for collectivity in heavy-ion collisions. Using the new method,
Ar+Bal, and 200 MeV for Ne-NaF, respectively, in this the particle group correlations arising from collective flow

V. CONCLUSIONS

paper. are studied with 4 data for 1.2 GeV Ar+Bal, and
The third step is to produce a Monte Carlo sample of the2.1A GeV Net+NaF collisions at the Bevalac streamer cham-
collective flow and inference the collectivity. ber. Comparing with Monte Carlo results, the collectivities

(1) A Monte Carlo sample with collectivity and the flow  of collective flow have been inferred to be between 80 and
parametelf, is obtained as followsM7; fragments are ran- 95 % for the experimental events of ABal, collisions, and
domly selected from the cascade sample of multipligty ~ between 75 and 95% for the experimental events of
obtained in the first stef3), and then a component of col- Ne+NaF collisions. The analysis indicates that the correla-
lective directed motiorf,p/®"/« is added to the projection tion functionCS(¢y) in this paper is sensitive to the collec-
of the transverse momentum on the reaction p@eQ] for ~ tivity and the strength of the collective flow. The new
each fragmenffollowing Eq. (4), a=M¥/M*]. Adding the method provides an efficient approach to measure quantita-
collective directed motion component in this way can ensurdively the collectivity of collective flow with more constraint
that the distributions o€ (¢,) and(p*)(y) in the Monte N the same data statistics and to further investigate the es-

Carlo sample are consistent with that of experimental dat entials of collective flow. Because the collectivity reflects
sample as is changed. the essential property of collective flow, it has become an

important subject with which to seek new methods that are
sensitive to collectivityf 15] in the field of relativistic heavy-
ion collisions.

(2) The parametef is kept unchanged and the parameter
« is adjusted. If the correlation function of particle groups
CY(yy) for the Monte Carlo sample is consistent with the
experimental data sample in the range of the present experi-
mental precision, then the value afwill be the collectivity
of particles in the final state for these experiments. The quan- The author thanks Russell Goering, Liu Zi-wei, and Liu
titative measurements of collectivity are specified by theHao for useful suggestions and modifications of this manu-
range of fractionse which results in an acceptable overall script. This work was supported by the Youth Science foun-
agreement with experimental sample fo+=3-10 in Figs. 1  dation of Guangxi Province of the People’s Republic of
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